To search for an optic nerve head component (ONHC) in the monkey's (Macaca mulatta) multifocal electroretinogram (mERG), mERGs from three animals were recorded with different electrode configurations. A component with a latency that varied with distance from the optic nerve head was easily identified by eye in recordings from the speculum of a Burian-Allen electrode referenced to a DTL on the unstimulated eye. This component was reasonably well isolated by subtracting a weighted version of a Burian-Allen bipolar recording or by employing the extraction algorithm of Sutter and Bearse (1999, Vision Research, 39, 419-436). The waveform of this component resembles the ONHC reported for the human mERG.
Introduction
Using Sutter's multifocal technique, many focal electroretinograms can be extracted from a single recording (Sutter, 1991; Sutter & Tran, 1992) . These multifocal ERGs (mERG) are 'little ERGs' in the sense that the first negative (N1) and positive (P1) peaks are comprised of the same components as the a-wave and b-wave of the full-field ERG (Hood, Seiple, Holopigian, & Greenstein, 1997; Hood, 2000) . Like full-field ERGs (e.g. see Sieving, Murayama, & Naarendorp, 1994) , the mERG is dominated by a clearly identifiable contribution from bipolar cells (Horiguchi, Suzuki, Kondo, Tanikawa, & Miyake 1998; Frishman, Hood, Saszik, Viswanathan, & Robson, 2000a; Hare & Ton, 2000) . However, the nature of the contributions from the inner retina (i.e. the amacrine and ganglion cells) to the mERG is less clear. Of particular interest here is Sutter and Bearse, 1995, 1999; Bearse, Sutter, Sim, & Stamper, 1996) proposal that the human mERG contains a component attributable to ganglion cell activity and generated at the optic nerve head. Although Sutter and Bearse (Sutter & Bearse, 1995 Bearse et al., 1996) provided several lines of evidence in support of an optic nerve head component (ONHC), the existence of an ONHC remains controversial (e.g. Vaegan & Buckland, 1996; Vaegan & Sanderson, 1997; Vaegan, Anderton, & Millar, 2000) . In part the controversy exists because the ONHC is difficult to see in most mERG records; it must be extracted from the signal with a complex algorithm.
Here mERG responses from monkeys are presented in which a component essentially identical to Sutter and Bearse's ONHC is easily visualized. The visualization of this component was enhanced via a technique suggested by the findings of Sutter and Bearse (Sutter & Bearse, 1999) . In bipolar recording with Burian Allen electrodes ( Fig. 1A) , the corneal ring electrode (C) is referenced to the speculum (S) of the contact lens. Sutter and Bearse found that the ONHC was larger relative to other components of the mERG when the corneal ring electrode was referenced to the other eye, in their case the corneal ring electrode (R in Fig. 1B ) of a second Burian Allen electrode. In particular, although both the ONHC and non-ONH components (retinal component(s), RC in Fig. 1) were larger when the recordings were referenced to the other eye (Fig. 1B) , the enhancement of the ONHC was greater than that of the RC. Sutter and Bearse obtained an estimate of the ONHC by taking the arithmetic difference between the responses from the two recordings, after appropriate weighting to minimize the RC in the difference record (see Fig. 13 in Sutter & Bearse, 1999) . The ONHC derived in this fashion resembled the component extracted with their computer algorithm.
The findings of Sutter and Bearse suggested to us that it might be easier to visualize the ONHC in the records if mERGs were recorded with the electrode configuration in Fig. 1C . With this configuration both the RC and ONHC should be smaller than with the configuration in Fig. 1B , but the ONHC should be larger relative to the RC. [Note that in Fig. 1 the font size of 'RC' and 'ONHC' indicates relative amplitude.] To understand our reasoning recall that responses recorded using the BA (bipolar) configuration (Fig. 1A) represent the difference between the potentials at the corneal ring (C) and the speculum (S) of the Burian Allen electrode. Hence, it follows that the responses recorded from 'C to R' (Fig. 1B) minus those recorded from 'C to S' (Fig. 1A ) must equal the responses recorded from 'S to R' (Fig. 1C) . [That is, (C-R) -(C-S)= S-R.] Further, as mentioned above, recording from 'C to R' (Fig. 1B) , as compared to bipolar recording from 'C to S' (Fig. 1A) , increases the size of both the OHNC and the RC but by a factor that is greater in the case of the ONHC (Sutter & Bearse, 1999) . Therefore, the ratio of the amplitude of the ONHC to the amplitude of the other response component(s) (RC) should be the largest if the mERG is recorded with the speculum as the active electrode and the other eye as the reference as in Fig. 1C . The findings here support this reasoning.
In the present study, monkey mERGs were recorded with different electrode configurations. The waveform of the monkey's mERG was found to be affected markedly by the placement of the active and reference electrodes. An ONHC was easily identified by eye, especially with a configuration similar to that shown in Fig. 1C . This component could be reasonably well isolated via a subtraction method or a computer algorithm as previously described (Sutter & Bearse, 1999) .
Methods

Recording
Multifocal ERGs were recorded using three different electrode configurations illustrated in Fig. 2 . For two of the configurations, a Burian Allen electrode was placed in the eye to be stimulated and the corneal electrode was referenced to the speculum (BAbp, see Fig. 2A ) or the speculum referenced to a DTL fiber electrode (Dawson, Trick & Litzkow, 1979) on the other (covered) eye (BAspec, see Fig. 2C ). These recordings were obtained simultaneously using two amplified channels. For comparison, mERGs were recorded in the same experimental session with the DTL electrode configuration (DTL, see Fig. 2B ) described in previous studies (Frishman, Shen, Du, Robson, Harwerth et al., 1996; Hood, Frishman, Viswanathan, Robson, & Ahmed, 1999b) . In particular, mERGs were recorded between DTL electrodes that were placed on both eyes across the center of the cornea and under a corneal contact lens. Note that the BAspec configuration (Fig. 2C ) differs from that employed by Sutter and Bearse (Fig. 1B) in two ways. First, a DTL electrode served as the reference electrode rather than a second Burian Allen electrode; this allowed us to easily alternate between the Burian Allen and DTL recording conditions within a recording session. Second, our active electrode was the speculum (S) rather than the corneal ring (C) of the Burian Allen electrode. As detailed in Section 1, although both the RC and the ONHC in the speculum record should be smaller than when the corneal electrode is referenced to the other eye (Fig. 1B or Fig. 2B ), the ONHC will be relatively larger and thus should be easier to visualize in the mERG records.
In all cases, the other eye was covered. The mERGs were recorded with low and high frequency cutoffs of 1 and 300 Hz and no additional notch filtering.
Animal
Recordings were made from three adult monkeys (Macaca mulatta) anesthetized with ketamine (20-25 mg/kg per h, IM) and xylazine (0.8-0.9 mg/kg per h, IM). Data, from previous studies (Hood, Frishman, Robson, Shady, Ahmed, & Viswanathan, 1999a; Hood, Frishman, Viswanathan, Robson, & Ahmed, 1999b; Hood, Greenstein, Frishman, Holopigian, Viswanathan, Seiple, Ahmed, & Robson, 1999c) , from three adult monkeys whose eye was injected with tetrodotoxin (TTX) also were included. Experimental and animal care procedures adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were reviewed and approved by the Institutional Animal Care Committee of the University of Houston. Pupils were fully dilated with topical tropicamide (1%) and phenylephrine (2.5%) to about 9 mm in diameter, and eyes were refracted retinoscopically for the fixation distance. Eyes with DTL fiber electrodes were then fitted with an appropriate contact lens, placed over the thin DTL fiber electrodes. Spectacle lenses were placed, as needed, in front of eyes with the Burian-Allen electrode. An ophthalmoscopic technique was used to locate the projection of the fovea on the center of the stimulus pattern and to determine the position of the optic disc. For other details see Frishman et al. (1996) and Hood et al. (1999c) .
Stimuli
The stimulus display employed here has been previously described (Hood et al., 1999c) . Briefly, the stimulus array consisted of 103 equal sized hexagons, each about 3.3°wide, in a field of about 35°by 33°. The surround region and the space average luminance were 100 cd/m 2 . The white hexagons were set to 200 cd/m 2 and the black to the minimum possible, 1 cd/ m 2 , so that the contrast was close to 100%. An experimental run consisted of a m-sequence with 2 15 -1 steps. The elements of this sequence determined the occurrence of flashes at 13.33 ms intervals (corresponding to a screen rate of 75 Hz). With the above luminance settings the individual flashes had an intensity of 2.67 cd-s/m 2 . Each run required about 7 min total recording time. Analyses were based on the average of two runs. Responses were analyzed using the VERIS software from EDI (Electro-Diagnostic Imaging, San Mateo, CA). Although the second-order responses contain an ONHC, only first-order responses were analyzed here as they contain a large ONHC (Sutter & Bearse, 1999) that is easily visualized in the records from the monkey (see subsequent figures). For reviews of the multifocal technique see Sutter (1991) , Sutter and Tran (1992) , and Hood (2000) .
Results
The records from one of the monkeys are shown in Fig. 3A -C as response arrays. The waveforms of the responses recorded with the Burian Allen bipolar configuration (BAbp) (Fig. 3A) differ from those recorded with the DTL referenced to the other eye (DTL) (Fig. 3B ) and those recorded with the Burian Allen speculum referenced to the other eye (BAspec) (Fig. 3C) . The sum of all 103 responses in each array is shown in Fig. 3D . It is clear from this figure that the electrode configuration affects the waveform of the mERG.
Electrode configuration and the ONHC
According to the reasoning detailed above, the BAbp response will have a relatively larger RC and a relatively smaller ONHC when compared to the BAspec response. Because the BAbp and BAspec responses were recorded simultaneously, the resulting waveforms can be compared directly. To make this comparison, the summed BAbp response was scaled so that the leading edge of the response (N1 or 'a-wave') coincided with the leading edge of the summed BAspec response (gray records in Fig. 4) . The scaling factor k was between 0.45 and 0.63 for the three monkeys. Fig. 4A shows this comparison for the records in Fig. 3 from monkey sm379 and Fig. 4B ,C the same comparison for the other two monkeys. The waveforms of the summed BAbp and BAspec responses clearly differ in similar ways in the three monkeys. The early portion of the k*BAbp and BAspec responses coincide only for times less than 10 ms. Interestingly, after about 10 ms there is a contribution to the monkey's mERG from ganglion and/or amacrine cells that produce action potentials (Hood et al., 1999b; Hood et al, 1999c ).
If we assume that the underlying RC recorded with the BAbp and BAspec configurations have the same waveform, then it should be possible to remove the RC from the BAspec recording by subtracting the appropriately weighted BAbp recording. [This assumption will be evaluated in the Discussion.] If we assume further that the leading edge of N1 is largely the RC, then by normalizing based upon the leading edge of N1, as in Fig. 4 , one should be approximately equating the contribution of the RC. Thus, the difference (DIFF) between the BAspec and k*BA records in Fig. 4 provides a waveform that should be largely the sum of 103 individual ONHCs. Since these ONHCs have different relative latencies, these DIFF responses actually provide a lowpass filtered, or 'temporally smeared', estimate of the ONHC. However, the lowpass filtering will have a relatively small effect on the appearance of the waveform as the range of latencies of the ONHC is relatively small (under 8 ms as seen in Fig. 7E ). In fact, the waveform of the DIFF responses bears a striking resemblance to the ONHC reported for human mERGs [See Figs. 10 and 13 in Sutter & Bearse, 1999] . In particular, there are two clear positive components with a negative component between them. The peaks of the two positive components occur at about 15 and 36 ms.
To see if the DIFF responses obtained via subtraction behave as predicted by Sutter and Bearse, the individual DIFF responses for monkey sm379 are shown for each of the elements of two concentric rings around the center of the fovea: ring 2 (column one in Fig. 5 ) and ring 3 (column one in Fig. 6 ). (The calibration bars in Figs. 5 and 6 apply to all the records in these figures.) Because the local retinal structure, and the mERG waveforms, vary with distance from the fovea (Sutter & Tran, 1992) as well as distance from the ONH, only responses within rings around the fovea are compared. Within such rings the waveform of each of the two components should be reasonably constant (Sutter & Bearse, 1995 Bearse et al., 1996) and within each ring, the ONHC should increase in latency with distance from the ONH. (The approximate center of the ONH is located by the large X in the upper panel of Figs. 5 and 6.). The vertical lines through the DIFF records in column one of Figs. 5 and 6 mark the implicit times, about 15 and 34 ms, of the two main peaks in the response to hexagon 1. It appears that at least part of both positive components of the DIFF records increases with latency from the ONH. The second peak (called 'P35' here) is easily identified by eye and its implicit time was measured for ring 2 (Fig. 5 ) and ring 3 (Fig. 6 ) and displayed in Fig. 7A (ring 2) and 7B (ring 3) as the open triangles. The implicit time of the second positive peak increases from about 34 to 39 ms with distance from the ONH. For this monkey, the peak at about 35 ms that we are associating with the ONHC is also identifiable by eye in the records from the BAspec and the DTL recordings in Figs. 5 and 6. The implicit times of this local peak were measured and are displayed in Fig. 7A,B as the open squares (BAspec) and circles (DTL). The agreement among the measurements for the DIFF, BAspec, and DTL responses is quite good, especially considering that the time resolution set by VERIS is 0.83 ms. The poorest agreement is for the DTL responses of ring 2. Recall that the DTL responses were recorded in different runs than were the Burian Allen responses. Small differences in eye position could contribute to the variation here. The ring 2 DIFF records for the other two monkeys are shown in the first column of Fig. 8 . Although the change in waveform with distance from the ONH is apparent in all the records, the timing shifts are more obvious in the case of sm403 than for sm380.
For sm379, the peak in the DIFF responses around 35 ms is clear enough to be identified by the 'small feature latency' analysis in VERIS4.2. Fig. 7E shows a 3D plot of the relative latencies of the peak obtained from VERIS4.2. The 3D contour is very similar in appearance to a 3D plot for DIFF responses from human mERGs (see Fig. 15 in Sutter & Bearse, 1999) . As expected, the relative latencies are affected by both the distance from the fovea center and the distance from the ONH.
The Extracted ONHC
The algorithm described in Sutter and Bearse (1999) was used to extract a RC and an ONHC from the records. While the details of the extraction algorithm will not be considered here, it is important to understand the assumptions involved. It is also of use to distinguish the assumptions of the ONHC hypothesis from the assumptions that allow the extraction algorithm to work. According to the ONHC hypothesis, the contribution from the ONH is delayed relative to the retinal components. The delay occurs because it takes time for the action potentials, generated by the ganglion cells, to reach the ONH via the slowly propagating unmyelinated axons. This delay will depend on the length of the axons between the stimulated region and the nerve head. For the extraction algorithm, Sutter and Bearse (1999) assumed a model of the mERG (called here the 'ONHC model'). This model has the following assumptions: (1) the mERG consists of only two components, a retinal component (RC) and an optic nerve head component (ONHC); (2) for any ring around the foveal center, each component has a single waveform; and (3) the ONHC varies in latency around this ring while the latency of the RC is relatively constant. With these assumptions, the algorithm will extract 'perfect estimates' of these components if: (1) the data are relatively free from noise; and (2) the two components are reasonable well separated in time and/ or temporal frequency space. In reality, these components do overlap and their overlap depends on the retinal location of the stimulus. Further, the records are not free of noise and, in addition, small differences in the centering of the stimulus array on the monkey's fovea may contribute to 'imperfect estimates'. Fig. 9 shows the average response for each ring along with the average extracted RC and ONHC. (The average ONHC for each ring was obtained after aligning the individual ONHCs based upon the relative temporal shifts.) As expected from the considerations in the preceding paragraph, there is variation in the waveform of the extracted components. But, in spite of the caveats above, the extraction algorithm produced consistent results within and across animals and these results support the ONHC hypothesis. First, as expected (see Fig. 2 ) the DTL records generally contained the largest ONHC but the ONHC from the BAspec records was larger relative to the size of its RC. Second, although the ONHC waveform showed some variation, all the extracted ONHCs have a peak at about 35 ms (see arrows) and, in most cases, a peak at about 17 ms is apparent as well. Third, the shifts in timing of the ONHC required for best fit show excellent agreement across animals. These shifts are shown as relative implicit times in Fig. 7C (ring 2) and 7D (ring 3) for the BAspec responses. Fourth, the RC for the BAspec and DTL recordings have the same general waveform and this waveform differs from the ONHC. On the other hand, as expected, the RC of the DIFF records do not have the same waveform. Rather, the RC of the DIFF records resembles the ONHC of these records, particularly for monkey sm379. [According to the ONHC model as specified above, there should be no RC in the DIFF records. Possible reasons for this discrepancy are considered in Section 4.] Finally, there is excellent agreement between the ONHC extracted from sm379 and the peaks identified by eye in the records. The agreement can be easily visualized in Figs. 5 and 6 where the bold curve superimposed on records 7 and 12 in Fig. 5 and records 9 and 17 in Fig.  6 is the extracted, average ONHC from Fig. 9A shifted in time based upon the results of the extraction algorithm. The peak in the DTL and BAspec records at about 35 ms appears to be dominated by the ONH component. The '+ s' show the positions of this peak of the ONHC as estimated from the extraction algorithm. The agreement with the peaks identifiable by eye is quite good. Fig. 7A ,B shows the estimated peak times from the extraction for the DTL (filled circles) and BAspec (filled squares) responses. The extraction method and the measurements for the peaks identified by eye show good agreement. The 'xs' in Figs. 5 and 6 are positioned based upon the fitting program and occur 18 ms before the ' + s'. Although not as obvious, the peak at about 17 ms can be seen in many responses. Fig. 10A provides our best estimate of the waveform of the ONHC in this study. Here the extracted ONHC for the DIFF (gray curves in Fig. 10A ) and BAspec (black curves in Fig. 10A ) records were averaged across the three monkeys for each ring. Fig. 10C shows the responses around ring 2 for a monkey before and after tetrodotoxin (TTX). The difference between these records (i.e. the TTX-sensitive contribution) appear in the rightmost panel of Fig. 10C . The original presentation of the TTX data from this monkey can be found in Hood et al. (1999c) . TTX, which blocks sodium-based action potentials, removes a large component from the monkey's mERG (Hood et al., 1999a; Hood et al, 1999c; Frishman et al., 2000a; Frishman, Saszik, Harwerth, Viswanathan, Li et al., 2000b) , as well as from the monkey's full-field and pattern ERG (Viswanathan, Frishman, Robson, Harwerth, & Smith 1999; . Some amacrine cells, and perhaps interplexiform cells, fire action potentials, but the ganglion cells produce the preponderance of the action potentials. Thus it is very likely that at least part of the TTX-sensitive contribution arises from ganglion cells and their axons.
The ONH component and the TTX-sensiti6e contribution to the mERG
As previously pointed out (Hood et al, 1999c; Hood, 2000) , the TTX-sensitive contribution cannot simply be the ONHC. For example, the responses around ring 2 in Fig. 10C show marked changes in waveform. To see if the TTX-sensitive contribution contained an ONHC, the records in Fig. 10C were analyzed with the extraction procedure described above. Fig. 10B shows the aligned and averaged ONHC and the averaged RC extracted from the control and TTX-sensitive records in the first and third columns of Fig. 10C . The ONHC extracted from the TTX-sensitive records resembles the ONHC in Fig. 10A . The gray curve in Fig. 10 B is the average ONHC for the DIFF responses (the gray curve in ring 2 of Fig. 10A ). The relative latencies from the extraction program appear in Fig. 7C as the 'Xs'); they match closely the results from the three normal monkeys in the present study. Thus, it appears that TTX removes a component that resembles the ONHC. In addition, TTX removes a response (the 'RC' in Fig. 10B ) that is largely made up of high frequency ('OPs') activity. [This was confirmed in two other monkeys treated with TTX and whose records have been previously reported (Hood et al., 1999a; Hood et al., 1999b; Hood et al., 1999c) .] The presence of a RC comprised largely of OP-like behavior provides an explanation for the observation that lowpass filtering the TTX-sensitive records yields a waveform resembling the ONHC (Hood et al., 1999a) .
Discussion
The monkey mERG recorded with a reference on the fellow eye has an unusual and complex waveform (see Fig. 3A and Hood et al., 1999c) . The waveform differs markedly from the human mERGs recorded with similar electrode configurations as well as from monkey mERGs recorded with a bipolar lens electrode [see Fig. 3 , Hare, Ton, Woldemussie, Ruiz, Feldmann, & Wijono 1999; Fortune, Cull, Wang, Van Buskirk, & Cioffi 2000] . These differences in waveform are due to at least two factors. In particular, the data suggest: (1) that the monkey mERG has a relatively larger contribution from the inner retinal elements (amacrine and ganglion cells) than does the human mERG; and (2) that there is a relatively smaller contribution from the inner retinal elements when mERGs are recorded with a bipolar lens electrode. A large portion of this contribution from inner retinal elements appears to be the ONHC.
The monkey mERG has a large component that qualitatively and quantitatively fits the description of Sutter & Bearse's ONHC (e.g. Sutter & Bearse, 1999) . The evidence that we are studying the same component identified in humans is quiet compelling. Fig. 10A shows the best estimate of the waveform of the monkey's ONHC in this study. A similar waveform can be seen in published records of the human ONHC (e.g. Sutter & Bearse, 1999) . Further, the changes in timing with distance from the ONH are also in general agreement, although the local differences in timing are slightly larger in humans, probably due to the larger eye size and the resulting longer distance to the nerve head. Here we find latency shifts of about 5 ms. The comparable changes in humans are about 7.5 ms (Sutter & Bearse, 1999) . In addition, the ONHC identified in the monkey is larger than that seen in humans under similar conditions. This is consistent with the general conclusion that monkey has a larger inner retinal component in its mERG response. This larger component contributes to the differences in waveform of the human and monkey mERG.
The evidence here for this component actually coming from the ONH is the same as presented for the human mERG [11] , with an additional finding -the TTX results. First, the latency of the ONHC changes with distance from the ONH as predicted. Second, an ONHC can be isolated by subtracting the (scaled) bipolar recordings from recordings referenced to the other eye. Third, the TTX-sensitive contribution to the mERG includes a component that resembles the ONHC. An alternative to the ONHC hypothesis would need to explain all three findings. Although we cannot rule out a naso-temporal variation in the retinal elements that produce action potentials, we are not aware of support for this view in the current literature.
The ONHC model and the extraction procedure
Above, we distinguished between the ONHC hypothesis and the ONHC model needed for the extraction procedure. According to the model, the DIFF records should not have a RC. The presence of a RC requires an explanation. There are at least four possibilities within the framework of the ONHC hypothesis. First, variability could be introduced by small errors in centering of the stimulus on the monkey's fovea. Second, the subtraction technique may not completely remove the local RC as the weighting was based upon averaged records and may not apply locally. Third, the RC and/or the ONHC may be made up of a number of components and their relative weights may differ for the different electrode configurations. And, finally, we know, as mentioned above, the extraction procedure will not separate records perfectly under certain conditions (Sutter & Bearse, 1999) . However, we now have an estimate of the waveform of the monkey's ONHC and this should allow improvements to the extraction algorithm.
